The impact of magnetic nanoparticles with different surface coating upon the isotropic-to-nematic and nematic-to-smectic-A phase transitions of the liquid crystal octylcyanobiphenyl is explored by means of highresolution adiabatic scanning calorimetry. A shrinkage of the nematic range is observed, which is strongly dependent on the surface coating of the nanoparticles. The isotropic-to-nematic transition remains weakly first order while the nematic-to-smectic-A is continuous with the effective critical exponent ␣ values ͑0.35 and 0.39, depending on the coating͒ between the pure octylcyanobiphenyl value of 0.31Ϯ 0.03 and the theoretical tricritical value of 0.5.
II. MATERIALS AND METHODS
Spherical magnetic nanoparticles were used for this study, with a core diameter of 2 nm. In order to probe the role of the surface chemistry, two mixtures of 8CB and magnetic nanoparticles with identical concentration ͑30.6 wt % ͒ and different coatings were chosen. In the first case, the nanoparticles were coated with aminopropyltriethoxysilane ͑APTS͒ and in the second case with mercaptohexadecanoic acid ͑MHDA͒ agents. Henceforth we will refer to the former as T1 and to the latter as T2. In Fig. 1 the chemical formulas of the surface agents are given. The APTS binds on the nanoparticles core through the silane, while MHDA binds through the sulfur group. Further details about the preparation of the samples can be found elsewhere ͓29,30͔.
The ASC measurements were performed in a computercontrolled calorimeter consisting of four stages. For the current measurements the inner stage was a 22 g tantalum cell, which contained 0.8 g of sample. The space between the cell and the three surrounding shields is vacuum-pumped in order to achieve excellent thermal insulation between them. ASC yields both the heat capacity ͑C p ͒ and the enthalpy ͑H͒ temperature dependence. It can efficiently distinguish between first-order and second-order phase transitions. The extremely slow scanning rates, that can be achieved in ASC, reveal subtle features of the specific heat capacity temperature profile C p ͑T͒ and allow the reliable determination of critical exponents. A detailed description of our apparatus can be found elsewhere ͓31,32͔. The samples were sonicated for a few hours at temperatures in the N and then in the I phase, before loading to the cell. Prior to the measurements a small metal stirring ball ͑from nonmagnetic stainless steel͒ was inserted in the cell together with the sample. During the measurements, by periodically changing the inclination of the whole apparatus ͑via an automatized mechanism͒, the stirring ball was moving back and forth inside the cylindrical cell in order to maintain the maximum possible homogeneity of the samples. For both samples sequential measurements were performed with and without mixing, in order to retrace possible differences in the thermodynamic behavior ͑e.g., due to phase separation͒.
III. RESULTS AND DISCUSSION
In this section the results for both kinds of nanoparticles using ASC are reported. The data were collected upon cooling the samples from the I down to Sm-A phase. The main features of all the ASC runs can be found in Table I . It should be noted that the quoted rates are average values away from the transition; near the transition they are much slower.
It has been found that the 8CB exhibits a weakly first order I-N transition at 313.95 K with a latent heat of 2.14Ϯ 0.02 J / g, and a continuous N-Sm-A transition at 306.92 K with an effective critical exponent ␣ = 0.31Ϯ 0.03 ͓31͔. These results were fully consistent with the anisotropic correlation lengths derived from x-ray measurements ͓33͔ within the frame of a hyperscaling relation ͓34͔.
In Fig. 2 the C p ͑T͒ curve is shown for the cooling run of the T1 sample, with stirring. The respective data are shown for the T2 sample in Fig. 3 . No essential difference was found between runs with stirring and without stirring for any of the samples. A summary of the findings concerning the thermal behavior of T1 and T2, compared to pure 8CB, is given in Table II. The I-N phase transition remains weakly first order, with pretransitional effects for both samples. The latent heat is L = 1.55Ϯ 0.03 J / g for T1 and L = 1.48Ϯ 0.04 J / g for T2, which is smaller than the pure 8CB value L = 2.14Ϯ 0.02 J / g ͓31͔. The narrow 10Ϯ 1 mK coexistence range of I and N phases for bulk 8CB increases substantially here, being 110Ϯ 10 mK and 430Ϯ 10 mK for T1 and for T2, respectively. The N-Sm-A phase transition remains continuous for both samples and a detailed analysis is performed below in order to derive the critical exponents ␣ ef f . The nematic range decreases slightly in the case of T1 and fairly in the case of T2 ͑see Table II͒ . For runs without stirring the transition temperatures were faintly shifted to lower values ͑in the order of few mK͒ and only in the case of T2 the I-N transition appeared less steep and with a wider phase coexistence range of 680Ϯ 20 mK.
In the vicinity of a critical phase transition, the specific heat capacity has the following form:
with A Ϯ being the critical amplitudes above and below the transition temperature T c , t = ͑T − T c ͒ / T c ͑reduced temperature͒, and B the background term. Provided that both C p ͑T͒ and H͑T͒ are obtained from the same ASC run, one may define the quantity C = ͑H − H c ͒ / ͑T − T c ͒ with H and H c being the enthalpy at any temperature T and at the critical transition temperature T c , respectively. After a simple algebraic procedure one obtains ͓31͔
and in a log 10 − log 10 plot of the quantities C − C p and t, the critical exponent can be determined from the slope ͑−␣͒ of a linear fit. By using this method the background term B is skillfully left out from the fitting procedure. Both wings of the N-Sm-A transition were fitted and the results are identical to the quoted values of ␣ ef f . The data of the second slower cooling run were fitted for T1 ͑scanning rate of 2.7 mK/ min, with stirring͒ and the data of the first cooling for T2 ͑scan-ning rate of 4.4 mK/ min, with stirring͒. As it can be seen in Fig. 4 , the effective critical exponent ␣ ef f evolves from the value of 0.31Ϯ 0.03 of pure 8CB ͓31͔ to higher values, which are 0.35Ϯ 0.01 and 0.39Ϯ 0.01 for T1 and T2, respectively. It exhibits a trend from the anisotropic criticality of pure 8CB towards tricriticality. This is an important finding, since it shows a significant difference between the dispersions of the magnetic nanoparticles and the silica aerosil nanoparticles in liquid crystals. For the N-Sm-A transition of the latter, the effective critical exponents shift towards the three-dimensional-XY universality class when increasing the aerosil density ͓5,7,35-37͔, whereas the transition is smeared out for very high aerosil densities, deep in the so-called stiff regime ͓5͔.
The main features of the addition of the magnetic nanoparticles on the phase transition behavior of the 8CB liquid crystal are a decrease of both the I-N and N-Sm-A phase transition temperatures, the narrowing of the nematic range, and the increase of the effective critical exponent ␣ ef f describing the heat capacity anomaly of the N-Sm-A transition. In an effort to, at least qualitatively, understand these effects one may resort to a mean-field expansion of the free energy density F in terms of the nematic order parameter S and ͑the amplitude of͒ the Sm-A order parameter and their coupling. In analogy with a mean-field description for liquid crystalline mixtures ͓38͔ and for the effects of nonmesogenic solutes ͓39,40͔, where similar effects were observed, one can consider the following expansion for F in terms of the order parameters S and :
In Eq. ͑4͒F 0 ͑I͒ is the free energy of the isotropic phase at T NI , and A 0 = ␣͑T − T 0 ͒. The parameters ␣, A 0 , B 0 , and C 0 are considered positive constants. In Eqs. ͑3͒ and ͑4͒ x is a measure for the amount of nanoparticles added to the liquid crystal. In Eq. ͑3͒ the first five terms are identical to the Landau-de Gennes expression for the N-Sm-A transition of pure compounds with the coupling terms between S and included ͓41͔. ␣ = ␣ o ͑T − T c ͒, with T c the transition temperature, and ͑T͒ is a response function that is large near T NI but decreases with decreasing the temperature. In the smectic phases one has ␦S = S − S o ͑T͒, with S o the nematic order pa- rameter in the absence of smectic ordering. ␣ 0 , ␤, and C are assumed to be positive constants. The sign of the constants A and D in Eq. ͑3͒ as well as of the constant E in Eq. ͑4͒ depend on the effect of the interactions of the nanoparticles with the liquid crystal. Rewriting in Eq. ͑4͒ the last term as ES 2 = E͑␦S + S 0 ͒ 2 x, minimizing Eq. ͑3͒ with respect to ␦S, and inserting the result in Eq. ͑3͒ gives ͑to the lowest order in x͒
From Eqs. ͑6͒ and ͑9͒ it follows that for decreasing T NI and T NA with increasing x, as observed here, both A and E must be positive. The sign of ␤ * in Eq. ͑8͒ determines the order of the N-Sm-A phase transition. It is positive for a second-order transition, negative for a first order one, and zero at the tricritical point on the N-Sm-A transition line ͓41͔. For pure 8CB ͑x =0͒ Eq. ͑8͒ reduced to ␤ * = ␤ −2C
2 . The N-Sm-A transition in pure 8CB is still second order, its ␣ ef f = 0.31, and its rather narrow nematic range of 7.03 K indicate that it is close to a tricritical point. For the colloidal mixtures T1 and T2 the observation of a larger value for ␣ ef f and smaller nematic ranges indicate that both are even closer to the tricritical point with still positive but smaller ␤ * values and nanoparticles-induced coupling between the smectic and the nematic order parameters. One can thus conclude that the coupling constant D is negative for both systems. The effects are, however, much larger for T2 than for T1. Since the magnetic nanoparticles are identical and the concentrations are the same, the difference results from the difference in the particles' coating.
On the bases of our macroscopic calorimetric data it is not possible to arrive at a microscopic picture about the specific interaction between the 8CB molecules and the two types of coating of the nanoparticles. However, from preliminary studies there seems to be some indications that in the case of APTS the orientation is parallel and perpendicular for MHDA ͓42͔. In the latter case one can expect a larger disturbance of the liquid crystalline order. This seems to be corroborated with the large depressions of T NI and T NA for T2 ͑MHDA͒, albeit more for T NI than for T NA .
IV. SUMMARY
We have experimentally studied the impact of magnetic nanoparticles on the I-N and N-Sm-A transitions of 8CB, aiming to explore the until recently unresolved role of the surface coating upon the phase transition behavior. The I-N transition remains weakly first order, albeit being less sharp and with a reduced amount of latent heat compared to pure 8CB. For the N-Sm-A transition the results of this work show a crossover from anisotropic criticality towards tricriticality, similar to what was observed in the case of a nonmesogenic solute dispersed in the same LC compound ͓39,40͔. The influence of the MHDA coating is much larger than the one of APTS and, thus, the thermodynamic behavior clearly diversifies depending on the surface coating of the nanoparticles.
